Stability of neural circuits is reliant on homeostatic mechanisms that return neuron activity towards pre-determined and physiologically appropriate levels. Without these mechanisms, changes due to synaptic plasticity, ageing and disease may push neural circuits towards instability. Whilst widely documented, understanding of how and when neurons determine an appropriate activity level, the so-called set-point, remains unknown. Genetically tractable model systems have greatly contributed to our understanding of neuronal homeostasis and continue to offer attractive models to explore these additional questions. This review focuses on the development of Drosophila motoneurons including defining an embryonic critical period during which these neurons encode their set-points to enable homeostatic regulation of activity. 
Introduction
Neural circuits use an array of homeostatic mechanisms to maintain activity around a set-point in order to counter the destabilizing effects of Hebbian-style synaptic plasticity and/or ageing [1,2,3 ,4,5,6 ] . A neuronal set-point acts to book-end action potential firing rates through a variety of mechanisms including modification to ion-channel and neurotransmitter receptor expression. Understanding of the molecular mechanisms that underpin activity homeostasis is poor [7] . A key question is how neurons 'know' what constitutes a physiologically appropriate set-point. Indeed, without having this sense, it is difficult to conceive how homeostatic mechanisms enable neurons to continually adjust their intrinsic activity states to maintain circuit stability. The almost ubiquitous occurrence of activity homeostasis across a wide range of species offers the prospect of exploiting genetically tractable models to investigate this important question. In the present review, we first describe relevant results obtained using Drosophila as an experimental model, providing a better insight into the molecular processes involved in neuronal homeostasis. We then review recent evidence suggesting a causal link between network hyper-excitability and the activity levels to which neurons are exposed during embryonic development. Finally, we speculate that neurons use exposure to activity during a defined critical embryonic period to encode an activity set-point that will dictate homeostatic limits thereafter.
Homeostatic adjustment of action potential firing in Drosophila motoneurons
Neuronal homeostasis has been particularly well studied in Drosophila at both glutamatergic neuromuscular junctions and centrally between motoneurons and excitatory cholinergic premotor interneurons. Drosophila offers many advantages for investigating activity homeostasis including a rapid life cycle, identified and accessible neurons and genetic tractability. For example, larval bodywall muscles grow by more than 100-fold in just 3 days placing significant challenges on innervating motoneurons to continually increase their excitatory drive to maintain adequate muscle depolarization [8] . Within the CNS, embryonic motoneuron dendrites grow at an equally brisk pace and, moreover, immature synapses which start out weak rapidly consolidate to ensure robust information transfer. This raises a different set of challenges for developing motoneurons which must initially boost their intrinsic excitability to respond to weak synaptic drive but, afterwards, continually compensate to avoid activity-saturation as synapses strengthen.
The morphological and electrical development of embryonic Drosophila motoneurons has been well described [9, 10, 11, 12, 13, 14] . The first evidence for excitatory properties is heralded at 13 h after egg laying (AEL, embryonic development being complete at 21 h) by response to applied acetylcholine (ACh) and a first appearance of a delayed-rectifier K + current [9] . Additional currents appear over the course of the next 4 h, culminating at 17 h with action potentials and synaptic currents. This developmental milestone coincides with a first appearance of coordinated bodywall muscle contractions [15] indicative of a functionally mature locomotor network. However, hatching does not occur for another 4 h indicative of further essential network maturation.
Manipulation of neuronal activity during embryogenesis is sufficient to influence the intrinsic excitability of developing motoneurons. Thus, motoneurons which develop in the absence of cholinergic excitation exhibit substantially increased intrinsic excitability. By contrast, increased synaptic excitation, achieved through increasing ACh levels or cAMP, results in motoneurons that fire fewer action potentials in response to a standardized current injection [1, 16, 17] . Voltage-clamp recordings show that the principle determinant of membrane excitability is the amplitude of the voltage-gated Na + current (I Na ) which varies inversely relative to synaptic excitation [18] .
Subsequent investigations have shown that the homeostatic response in I Na is mediated by Pumilio-dependent translational repression [19, 20] (Figure 1 ). Pumilio (Pum) is an RNA-binding protein of the PUF family of translational repressors [21] . On binding to a specific motif, termed a Nanos Response element (NRE), located in the 3 0 -UTR, Pum prevents translation of mRNA transcripts and can, in some cases, target transcripts for degradation [22] . First described for its role in embryonic patterning through translational suppression of hunchback (hb) mRNA [23] , Pum has been implicated in a number of CNS-dependent mechanisms including regulation of neuron excitability [20, 24] , dendritic growth [25] , glutamatergic signalling [26] and memory and learning [27, 28] . Genetic and biochemical experiments confirm that Pum binds to Drosophila paralytic ( para) mRNA, encoding the sole voltage-gated Na + channel (Na v ) [19, 20] . Pum-mediated translational repression of para, similar to repression of hb, requires the cofactors Nanos and Brain Tumor (Brat), which together form a complex sufficient to prevent initiation of translation [29, 30] . A similar mechanism operates in rat cortical neurons, where increased synaptic excitation results in up-regulation of the close homologue Pum2 which, in turn, results in translational repression of SCN8A (Na v 1.6) and subsequent suppression of membrane excitability [24] . How levels of Pum are regulated by activity remains to be shown, but may include regulation by microRNAs [31] .
Are seizures caused by a failure of activitydependent homeostasis?
Seizures are a clinical manifestation of excessive and hyper-synchronous neuronal activity mainly due to circuit instability and hyperactivity. The occurrence of seizures could be indicative, at least in some instances, of a failure of activity homeostasis [32, 33, 34] . The Drosophila bangsensitive (bs) class of mutations exhibit induced seizures that are effectively suppressed by prior ingestion of clinically approved antiepileptic drugs (AEDs) indicative of common epileptogenic mechanisms [35, 36, 37, 38] . Electrophysiology shows that in many bs mutants, for example slamdance (sda) and bang senseless ( para bss1 ), motoneurons are exposed to increased synaptic excitation, which is suppressed by AEDs [39 ,40,41] . It seems likely, based on available evidence, that motor circuits are inherently unstable in the bs mutants, which may be due to inappropriate setting of homeostatic set-points. Bs-embryos which develop in the presence of AEDs (achieved by feeding gravid females) do not exhibit their characteristic seizure phenotype at later larval stages, when no traces of AED remain [40] . This intriguing observation is consistent with a hypothesis that developing neurons set key properties, including a homeostatic set-point, based on the activity range they are exposed to during embryogenesis. Optogenetic manipulation of neuronal activity during embryogenesis provides validation. For example, inhibition of hyperactivity in seizure prone para bss1 embryos, by photo-activation of the chloride pump halorhodopsin (eNpHR) between 17 and 19 h AEL, is sufficient to completely suppress seizure behaviour in later larvae [39 ] . Inducing seizure behaviour, in otherwise wild-type larvae, by optogenetically manipulating neural activity during embryogenesis provides additional evidence for the presence of an early critical period for neural circuit stability (Figure 2) . Interestingly, seizure behaviour can be generated by any activity perturbation, e.g. suppression or enhancement by photo-activating eNpHR or the blue light-activated cation channel channelrhodopsin (ChR), respectively [39 ] . Although activity-perturbation is clearly sufficient to alter circuit stability, homeostasis of motoneuron excitability remains active in manipulated larval motoneurons, which exhibit an adaptation to altered levels of activity by reducing action potential firing rate [39 ] . A similar adaptation was also observed in other bs mutant strains [40] . Overall, these data provide a causative link between epileptogenesis and network homeostasis, raising the Activity homeostasis Giachello and Baines 3 A critical period during embryogenesis defines neural circuit stability.
(a) Suppressing neuronal hyper-excitability, using halorhodopsin (eNpHR), in para bss1 embryos during a critical period (between 17 and 19 h AEL) is sufficient to completely suppress electroshock-induced seizures in subsequent third instar larvae (L3). (b) A seizure phenotype is induced in wild-type (WT) by increasing neuronal activity, using channelrhodopsin (ChR), during the same critical period. Induction of a seizure phenotype is prevented by prior administration of antiepileptic drugs (AEDs). AEL, after egg-laying.
hypothesis that early activity is crucial for determining homeostatic set points, rather than disrupting the homeostatic process [42] .
A critical period for activity-dependent homeostasis
Critical periods define time-regulated windows when biological systems are particularly sensitive to modification. It has been proposed that disruption of activitydependent homeostatic processes during such periods may contribute to neurodevelopmental disease including epilepsy, autism and other intellectual disorders [43, 44, 45, 46] . The experimental control afforded by optogenetics facilitates the identification of critical periods. In Drosophila, optogenetic-manipulation of activity, during 17-19 h AEL, is sufficient to either rescue seizure in seizure mutants or, alternatively, to induce a seizure phenotype in wild-type [39 ] . This time window corresponds to the period when action potentials and synaptic currents are first observed in developing motoneurons and coincides with a first appearance of coordinated bodywall muscle movement [9, 47] . Bumetanide-treatment during the first two postnatal weeks in K v 7-deficient mice is similarly sufficient to prevent epileptogenesis [48 ] , indicative that a similar critical period may be evolutionary conserved in mammals.
From a network perspective, there are numerous routes to affect homeostasis that could occur during a critical period [49] . This includes the formation of a different circuit wiring pattern [50] , an imbalance between excitatory and inhibitory inputs [51] , and/or defective synaptic scaling [52] . At the neuronal level, intrinsic homeostatic mechanisms could play a major role in this regard. It is clear that ion channel gene expression is central to homeostatic adjustment of membrane excitability [53 ] . It will be important to determine the possible involvement of the so-called combinatorial transcription factors that specify neuronal cell fate in neurons, including cell-type specific ion channel gene expression. Factors such as Even-skipped and Islet specify not only aspects of neuronal morphology in Drosophila neurons [54] , but also regulate transcription of specific ion channel genes including BK (Slowpoke) and Shaker (K v 1.3-like), respectively [55, 56] . Homologous transcription factors similarly regulate ion channel gene expression in vertebrate neurons [57] and it will be instructive to determine how these factors are influenced by neuronal activity.
Conclusion
Neurons define homeostatic limits around a physiological set-point. How and when set-points are determined remains unknown. Recent studies in Drosophila define a critical period during embryogenesis where manipulation of synaptic activity is sufficient to permanently alter neural circuit function. It is tempting to speculate that this period defines a time window during which developing neurons encode their set-points based on the level of activity they are exposed to (Figure 3) . A better understanding of activity-dependent neuronal homeostasis and, in particular, how neurons define activity-limits, has significant potential to provide novel avenues for new therapeutic strategies. The degree to which a set-point may change due to disease, ageing [3 ] or injury also remains relatively unknown but may offer insights into the occurrence of epilepsy following traumatic brain injury. Intervention focused on correcting maladaptive neuronal homeostasis, rather than targeting individual underlying 4 Neurobiology of learning and plasticity Neurons set homeostatic set-points based on synaptic excitation during early development. Developing neurons encode homeostatic set points, which limits their activity range, early in development based on exposure to synaptic excitation. Increased levels of synaptic excitation, due to either genetic (mutations), chemical (picrotoxin, PTX), or optogenetic (ChR) modifications, changes the set-point and allowed activity limits leaving circuits prone to instability (i.e. seizure). Capping activity in these backgrounds, using either AEDs or optogenetics (eNpHR), allows neurons to encode appropriate set-points, thus restoring neural activity to a physiologically appropriate range.
perturbations, offers an attractive prospect for treatment of several neurological disorders, including epilepsy.
